We demonstrate significant spectral broadening of femtosecond mid-IR pulses directly from the oscillator in a simple step-index single-mode highly Ge-doped fiber at only 150 pJ pulse energies in the spectral window around 2.38 m.
The supercontinuum generation in fibers has received much attention of researchers since the first works by R. Alfano et al [1] . In the last years particular attention is being devoted to supercontinuum generation in the mid-IR due to its broad applicabity to high-resolution spectroscopy and trace gas analysis as the wavelength range above 2 m is interesting for the presence of molecular absorption lines, and to frequency metrology and the optical coherence tomography (OCT), since the tissue scattering drastically decreases in the water free region between 2 and 2.5 m allowing for deeper tissue penetration. Supercontinuum reaching out to 4.3 μm [2] and 6 μm [3] has been demonstrated in fluoride fiber, however, this required complicated multistage amplifier systems. In a tellurite fibers [4] , supercontinuum generation up to 4.8 μm has been demonstrated [4] , using a femtosecond Ti:sapphire-pumped OPO, but this required a microstructured PCF fiber to tune the dispersion and confine the mode to increase the nonlinearity.
Targeting the possible applications, we are interested in demonstration of a simpler approach, where the significant spectral broadening and possibly a supercontinuum generation would be possible by pulses directly from a femtosecond oscillator and using a simple step-index single-mode Germanate Si-fiber. The experimental setup is schematically shown in Fig. 1 . As a source of the femtosecond pulses in mid-IR spectral region we use the Kerr-lens mode-locked Cr:ZnS oscillator [5] . The laser was built on the basis of X-folded four-mirror cavity. It was pumped by the diode-pumped 5-W 1.61 m Er-fiber laser from IPG Photonics. The mode-locking was achieved by a soft-aperture Kerr-Lens effect. The compensation of the group-delay dispersion was performed by a sapphire plate inserted into the cavity and chirped HR mirror. The laser produced pulses of about 72 fs at the central wavelength of 2.39 m, repetition rate of 150 MHz and output power up to 450 mW. The spectral bandwidth of output emission reached 81 nmWe assume the input pulse to be essentially chirp-free.
About 80% of the laser output were delivered to the input end of the nonlinear fiber and focused by a lens. The emission from the fiber output was delivered either to spectrometer or autocorrelator. The launched energy was varied by a transverse translation of the fiber input facet against the excitation beam. The maximal coupling efficiency reached 25% in continuous-wave mode of operation of the master oscillator. Nevertheless, back reflection from the fiber input facet distorts the laser generation in the Kerrlens mode-locking regime. At this point we avoided the back-reflection by defocusing of the fiber facet from the focal point of the objective thus reducing the maximal pulse energy coupled into fiber to 0.15 nJ.
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As a nonlinear fiber we used the step-index high Ge-content fiber [6] . This fiber possess normal dispersion at 2.4 µm and has been predicted to allow broad supercontinuum generation at 2.4-2.5 µm when excited with ~80 fs pulses already at modest energies of 1.5 nJ. The parameters of the fiber at 2.4 µm were calculated to be -100 ps 2 /km of dispersion and 12 µm 2 effective mode area. These parameters were also used for the simulations. Figure 2 summarizes the results of the experiment and the simulation. Figure 2 . Spectra of femtosecond pulses after propagation in 65 cm highly Ge-doped fiber. The experimental spectra are narrower at the wings, which is explained by the action of the third-order dispersion. We expect this influence to be of less importance at short propagation lengths with higher launched energies.
We have thus demonstrated femtosecond pulse broadening in a conventional (not PCF) highly Gedoped step-index silica fiber, using a recently developed direct source of femtosecond pulses in the mid-IR, Cr:ZnS laser. The fiber glass composition and guidance mechanism provided high effective nonlinearity and the ZDW shifted towards the operational wavelength of our laser. A significant smooth spectral broadening due to self-phase modulation has been achieved at rather modest pulse energies of only 0.15 nJ. Such broadening provides a good coherence of the spectral components and can be therefore useful for numerous applications, in particular for OCT, as the spectrum fits into the water transparency window around 2.1 -2.4 m.
We envisage significant improvement of these results in the near future as our calculations show that increasing of the pulse energy to a few nJ (3.7 nJ has been demonstrated in [6] ) should allow continuum generation at very short fiber lengths of only few mm. This opens up prospects for the broader use of this direct technology in such applications such as molecular spectroscopy, trace gas sensing, etc.
